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ABSTRACT OF THE THESIS 
 
 
A Numerical Investigation of Hybrid Flow Control with Considerations in 
Optimization 
by 
Matthew T. Lakebrink 
Master of Science in Aerospace Engineering 
Washington University in St. Louis, 2010 
Research Advisor:  Professor Ramesh K. Agarwal 
 
 
The fundamental effects of micro-ramp, synthetic-jet, and hybrid flow control 
devices are studied through the use of numerical simulations.  The beneficial flow 
control effect is then optimized using the response surface methodology.  The 
effectiveness of each device is judged based on how it influences the shape factor of 
the boundary layer far downstream of the device.  The mechanism of flow control 
action of each device is a pair of streamwise oriented counter rotating vortices; 
however, the nature of the vortices produced is unique in each case.  The micro-
ramp reduced the shape factor by 3.31%, the synthetic-jet by 3.32%, and the hybrid 
device reduced the shape factor by 3.44% from the baseline.  Considering a three 
factor face-centered central composite design, the hybrid device is optimized 
capitalizing on the positive effects produced by the micro-ramp and synthetic-jet 
individually.  The device’s performance is shown to be insensitive to the spacing 
between the micro-ramp and the synthetic-jet.  There is, however, a significant 
sensitivity to the ratio of jet length to jet momentum coefficient.  At the optimum 
value of this ratio (1.33”) the shape factor is decreased by 5.7%. 
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Chapter 1 
 
Introduction 
 
1.1 Motivation and Goals 
 
Performance, especially efficiency, has long been a key area of competition in the arena 
of aero vehicle design.  Nearly every aircraft in production today has fuel efficiency as 
one of its top design criteria. With the cost of fuel at an all time high, the demand for 
ultra efficient aero vehicles has made this constraint more important than ever. Several 
opportunities exist for efficiency improvements in aero vehicle design, and each one can 
be viewed as a highly complex problem in optimization.   
 
The present study focuses on the aerodynamic facet of efficiency.  Aerodynamic 
efficiency is important for many parts of the aircraft, especially those subject to an 
aggressive adverse pressure gradient.  For example, flow over a wing will begin to 
separate and eventually stall at increasingly large angles of attack (Figure 1.1).  The stall 
is accompanied by an abrupt decrease in lift and increase in drag, both of which serve to 
decrease the efficiency of the aircraft as a whole.  Improved airfoil and wing design is 
one way to push stall to higher angles of attack, or make its effects less abrupt.  
Unfortunately, a complete redesign of a major aircraft component, like the wing, is not 
an option for aircrafts already in service.  The use of flow control is ideal for situations 
like this.  Adding some form of flow control to the existing wing can provide the 
needed stall mitigation. 
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Figure 1.1 Development of stall on an airfoil [1] 
 
Another area where efficiency is greatly affected by strong adverse pressure gradients is 
in propulsion systems. Flow separation (caused either by an adverse pressure gradient or 
aggressive geometric design) is one of the major causes of flow quality degradation in 
propulsion systems, and can result in large pressure recovery loss and decreased system 
efficiency.  Figure 1.2 exemplifies a situation in which a DES captures separation in a 
highly offset s-duct diffuser.  Flow control could be used in this duct to delay separation 
(or prevent it altogether), and thus decrease the magnitude of losses. 
 
 
Figure 1.2 Navier-Stokes DES modeling flow separation in an s-duct diffuser [2] 
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In both cases, and many others, aircraft efficiency is compromised because of the 
presence or onset of flow separation.  One of the best ways to counter the adverse 
effects of separation is to make sure that the flow never separates to begin with.  This is 
oftentimes achieved through the use of flow control devices.  Flow control devices can 
be active, meaning the device provides some kind of forcing excitation, or it can be 
passive, meaning the device works just by the flow passing over it.  They can be as 
simple as a rectangular strip of material, or as complicated as an oscillatory plasma 
actuator. One of the time-tested categories of flow control devices is the vortex 
generator.  Oftentimes the vortex generator is an airfoil section optimized for a certain 
application, however, a simple plate inclined to the incoming flow is sufficient to 
produce a vortex.  The idea is that the vortex will help the boundary layer ‘recover’ from 
the effects of an adverse pressure gradient by taking fluid from the high-energy 
freestream and inserting it into the near-wall region of the boundary layer (Figure 1.3). 
 
 
Figure 1.3 Mechanism of action for vortex generator flow control [3] 
 
The objective of the present study is two-fold.  The first part is to assess a flow control 
device and to show its effectiveness in terms of potential separation mitigation.  This 
will be done using numerical methods commonly known as computational fluid 
dynamics (CFD).  The device to be investigated is a hybrid vortex generator.  It is 
labeled hybrid because it consists of fluidic and non-fluidic (active and passive) parts.  
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The fluidic part is a synthetic-jet vortex generator and the non-fluidic part is a micro-
ramp vortex generator.  Both devices serve to energize the boundary layer through the 
introduction of high energy flow from the freestream into the near wall region.  When 
used together, a positive additive effect can be realized. 
 
Once the hybrid device is shown to be effective, the second part of the objective for the 
present study is to determine a local optimum configuration of the hybrid device.  This 
will be done through the use of response surface methodology (RSM) applied to a face 
centered central composite (CCF) designed experiment. 
 
1.2 Approach to Mitigate Separation 
 
For the present study, a hybrid vortex generator is chosen to mitigate impending 
separation.  The passive part of the hybrid device is a micro-ramp, and the active part is 
a streamwise oriented slot synthetic-jet.  Each component of the hybrid device will be 
assessed separately and then together in the hybrid formation.  The metric by which the 
flow control will be judged to be either effective or ineffective is the shape factor of the 
boundary layer on which the device acts.  The shape factor is a ratio of the boundary 
layer’s displacement thickness (Equation 1.1) to its momentum thickness (Equation 1.2) 
and is given by Equation 1.3. 
 
=
*δ ∫
∞
∞∞






−
0
1 dy
u
u
ρ
ρ
   (Equation 1.1) 
 
∫
∞
∞∞∞






−=
0
1 dy
u
u
u
u
ρ
ρθ
   (Equation 1.2) 
θ
δ *
=h
     (Equation 1.3)  
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For flows in regions of strong adverse pressure gradients, the shape factor of the 
boundary layer is large.  For this reason, a decrease (over baseline) in boundary layer 
shape factor will be sought for the flow control devices in order for them to be judged 
effective. 
 
1.2.1 Passive Flow Control: The Micro-Ramp 
 
The micro-ramp vortex generator gets its name for two reasons.  First, the height of 
the micro-ramp is of the order of one-third the thickness of the boundary layer at the 
point where it is installed.  This height has been shown to be favorable when 
compared to larger and smaller ramp heights [4].  If the ramp is too tall, it will act as 
a significant blockage to the flow, and will produce significant distortion in the 
downstream boundary layer.  On the other hand, if the device is too short, there will 
not be enough high speed flow to produce effective vortices.  The ramp used in this 
study is shown in Figure 1.4 in planform, side, and isometric views. 
 
0.098”
0.62”
0.56”
Flo
w 
Dire
ctio
n
 
Figure 1.4 Dimensions and Geometry of the Micro-Ramp Vortex Generator 
 
The reason for the second half of this device’s name is apparent from the triangular 
ramp-like form of the device, depicted in Figure 1.4.  Unlike the vortex generator 
pictured in Figure 1.3, the micro-ramp is considered to be a robust flow control 
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device.  This is because, in application, the micro-ramp device is much less 
susceptible to breakage or being ‘snapped off’ during maintenance, than its thin 
plate-like cousin. 
 
1.2.2 Active Flow Control: The Synthetic-Jet 
 
The synthetic-jet gets its name because unlike the traditional jet which, on the time-
average, introduces mass into the flow, the synthetic-jet possesses the property of 
zero net mass flux.  This is achieved through the regular oscillatory vibration of two 
diaphragm membranes.  These membranes are the black circular discs shown in 
Figure 1.5.  As the membranes draw away from one another, fluid is pulled in 
through the long slot orifice.  On the efflux stroke, the membranes push towards each 
other and force the fluid out of the orifice. 
 
 
Figure 1.5 Synthetic-Jet Hardware and Dimensions 
 
In this manner, the device is able to potentially impact the flow field without 
requiring an auxiliary supply of fluid.  This is in contrast to traditional jets which 
oftentimes bleed engine air in order to operate.  This results in decreased potential 
thrust, which is an undesirable side-effect of the traditional jet. 
Jet Orifice (1.0 x 0.02) in 
1.57 in 
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1.2.3 Hybrid Flow Control 
 
For the present study, the hybrid device will be formed by placing the synthetic-jet 
0.25” upstream of the ramp on its centerline (Figure 1.6). 
 
0.98”
0.02” 0
.56
”
Flow Direction
0.098”
0.98”
0
.56
”
 
Figure 1.6 Top and Side Views of the Geometry and Layout of the Hybrid Flow Control Device 
 
This particular hybrid configuration was motivated by the hypothesis that the 
synthetic-jet will serve to augment the effect of he micro-ramp by placing it just 
upstream.  Another logical configuration for the hybrid device would be to place the 
synthetic-jet just downstream of the ramp on its centerline.  
 
Hybrid devices consisting of a passive device augmented by an active device are 
often labeled as fail-safe [4].  This is due to the fact that the system can be designed 
to operate within all acting constraints with the passive device alone.  This allows the 
active device to produce improved flow control effects without having to rely on its 
durability for safe system operation.  For instance, if the synthetic-jet fails, the 
micro-ramp will still be producing its favorable effect and the system can continue to 
operate safely, hence it becomes fail-safe. 
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1.3 Approach to Hybrid Device Optimization 
 
Assuming the hybrid device is able to produce a positive effect on the boundary layer, 
the device will not necessarily be performing optimally.  The design space for the device 
optimization is exceptionally large, consisting of factors such as jet momentum 
coefficient, jet orifice shape, jet orifice orientation relative to the mounting surface, 
ramp height, ramp length, ramp width, ramp angles, location of jet relative to the micro-
ramp (which has several factors in and of itself), etc.   
 
For the present study, a small subset (three) of these factors will be chosen for  
optimization of the hybrid device.  These factors are the jet momentum coefficient, jet 
length (assuming a rectangular orifice as shown in Figure 1.6), and the distance between 
the trailing edge of the jet and the leading edge of the micro-ramp.  These factors are 
chosen based on their greater importance in the overall effectiveness of the hybrid 
device for flow control.  Figure 1.7 provides a schematic of how these three factors are 
defined in the device configuration; l is the jet length, s is the jet to ramp spacing, and µ 
is the jet momentum coefficient defined by Equation 1.4. 
 
 
Figure 1.7 Three factors with respect to which the hybrid device is locally optimized 
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2
2
∞∞
≡
V
VJETJET
ρ
ρµ     (Equation 1.4) 
 
Having identified the three factors for optimization of the hybrid device, a model for 
the sensitivity of boundary layer shape factor to the three continuously valued factors 
needs to be created.  The method used to create this model is to design an experiment 
and generate a response surface model from the resulting data.  The locations (factor 
values) for the designed experiment follow the face centered central composite design 
scheme.  The run layout is shown in Figure 1.8 and the corresponding table of 
dimensional run data is shown in Figure 1.9.  The limits on the factors used in the 
simulation matrix are determined from intuition and synthetic-jet equipment limitations. 
 
 
Figure 1.8 Face-centered central composite design for three factors: l, s, and µ 
 
µ 
l 
s 
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Figure 1.9 Dimensional run matrix for the three factor CCF 
 
The values for the fitness function (boundary layer shape factor) at each of these points 
will be obtained from fifteen CFD simulations.  A second order response surface will 
then be fitted to these resulting function values.  This surface will be assessed for quality 
of fit to the data.  Once a sufficient fit is achieved, non-linear programming (NLP) 
methods will be used to find the optimum (minimum) value of the shape factor and the 
corresponding factor values. 
 
 
 
 
 
 
 
 
 
 
 
Run S (in) µ l (in)
1 0.33 0.50 1.00
2 0.33 0.30 1.00
3 1.00 0.50 1.00
4 1.00 0.30 1.00
5 0.67 0.40 1.00
6 0.67 0.30 0.67
7 0.67 0.50 0.67
8 0.33 0.40 0.67
9 1.00 0.40 0.67
10 0.67 0.40 0.67
11 0.67 0.40 0.33
12 1.00 0.50 0.33
13 1.00 0.30 0.33
14 0.33 0.50 0.33
15 0.33 0.30 0.33
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Chapter 2 
  
Numerical Analysis of  the Flow Control 
Devices 
 
This chapter sets the stage for the results presented in Chapters 3 and 5.  The tools used 
to perform the numerical analysis, including the grid generator and flow solver, are 
introduced.  In addition, the boundary conditions are presented along with the 
computational domain in which the governing equations [6] are numerically solved. 
 
2.1 Grid Generation 
 
The software used to create the computational surface meshes used for the present 
analysis was MADCAP.  This software has been developed at Boeing.  The volume 
grids were created based on the aforementioned surface meshes with the AFLR 
software written by David Marcum of Mississippi State University. 
 
2.1.1 Computational Domains and Meshes 
 
Two computational domains were used in the present study.  The first corresponds to 
the analysis of the micro-ramp, synthetic-jet, and hybrid flow control devices.  This 
computational domain is a replica of the 5” by 5” wind tunnel test section at the 
Georgia Institute of Technology.  A modification of the original test section was made 
in an effort to highlight the effects caused by the micro-ramp, synthetic-jet, and hybrid 
devices.  This modification was a converging-diverging wall insert.  Its intent was to 
create a mild adverse pressure gradient, without separation, downstream of the 
geometric throat.  Figure 2.1 shows the computational domain and the location of the 
flow control devices at the throat of the test section.  A hybrid grid topology was 
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chosen with a structured zone to model the synthetic-jet, and multiple unstructured 
zones used for the remainder of the computational domain.  The necessity of the 
structured grid for modeling the jet region stems from the numerical stability issues 
caused by the high frequency of the jet actuation. 
 
Flow Direction
0>
∂
∂
x
Pthroat plane
converging/diverging wall
Shear View
Plan View
synthetic jet
microramp
 
Figure 2.1 Computational domain and device placement used for the analysis of the flow control 
effectiveness 
 
The computational surface mesh for this domain comprised of approximately 260,000 
faces is shown in Figure 2.2.  A close-up of the surface mesh in the vicinity of the flow 
control devices is shown in Figure 2.3.  The dense packing in the wake of the device is 
necessary for preserving the flow features produced by the flow control devices as they 
convect downstream.  The red triangular region in both images in Figure 2.3 is the 
micro-ramp, and the red rectangular region is the portion of the domain modeled with a 
structured grid.  The boundary condition for the synthetic-jet was prescribed on a small 
subset of the surface within this structured block.   
 
A cut through the centerline of the volume grid is shown in Figure 2.4.  The upper 
image depicts the entire domain, while the lower image is zoomed-in just downstream 
of the throat in the region where the synthetic-jet and micro-ramp are located.  The 
upper image clearly shows both the prism layer used to resolve the boundary layer 
(initial spacing at y+=1), and the tetrahedral elements used to capture the general flow 
through the duct.  The lower image in Figure 2.4 shows the structured grid zone used to 
model the synthetic-jet, and the grid in the vicinity of the micro-ramp. 
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Figure 2.2 Unstructured computational surface mesh for the flow control analysis domain 
 
 
Figure 2.3 Increased mesh resolution near the flow control devices and in their wake 
 
 
 
Figure 2.4 Centerline cut through the entire domain (upper) and a close-up of the micro-ramp 
and structured synthetic-jet block (lower) 
 
 
The decision to place the flow control devices just downstream of the throat was the 
result of a vortex sensitivity study.  In this study, three different micro-ramp locations 
were simulated.  The first was just upstream of the throat, the second was directly on 
the throat, and the third was just downstream of the throat as shown in Figure 2.5.  The 
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strength of the vortices far downstream of the throat was similar for each of the three 
placements.  The real difference was in the location where this strength was 
concentrated, as shown by the vorticity contours of Figure 2.6.  The upstream 
placement resulted in highly distorted vortices, the throat placement resulted in slightly 
more intact vortices but they occurred significantly away from the wall.  The third and 
most favorable location, just downstream of the throat, realizes the vortices fully intact 
as well as hugging the wall closely.  The ‘well’ of lower vorticity between the wall (red 
high vorticity region) and the vortex cores (circular regions of vorticity located above 
the wall) is a region of upwash, and indicates whether the counter rotating vertical 
structure is preserved.  Per the previous observation, these ‘wells’ are not discernable in 
the upstream placement. 
 
 
Figure 2.5 Geometry for the three cases in the vortex sensitivity analysis 
 
 
 
Figure 2.6 Vortex sensitivity to device placement at a plane far downstream of the throat 
Upstream of Throat  Throat  Downstream of Throat 
1000 
0 
Flow 
Upstream Throat Downstream 
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The second grid was used to conduct the optimization study.  The entire grid is shown 
in Figure 2.7; a close-up of the region where the flow control devices are located is 
shown in Figure 2.8. 
 
 
Figure 2.7 Computational mesh used for the optimization study 
 
 
Figure 2.8 Mesh near the flow control devices 
 
The mesh used in the optimization study consisted of approximately 80,000 surface 
elements, and 2.25 million volume elements.  For two reasons, this mesh was 
significantly less complex than the one used to analyze the flow control devices.  First, 
the entire mesh is unstructured where as the first one required a structured block to 
resolve the synthetic-jet.  The reason that the optimization mesh doesn’t require the 
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structured grid block is described in detail in Section 1 of Chapter 5.  The other point of 
simplification for the optimization mesh is that the flow control devices are located on a 
flat plate instead of a converging-diverging wall. 
 
2.2 Boundary Conditions 
 
The boundary conditions used in the present study come in two distinct forms.  The 
first set is the conventional set of boundary conditions widely used in numerical 
simulation of fluid flow.  The second set is a strategically created condition used to 
model the effects a synthetic-jet has on the flow field.  These two categories of 
boundary conditions are described in the following two sections. 
 
2.2.1 Standard Boundary Conditions 
 
The majority of the boundaries in the numerical analysis used in the present study are 
conventional.  Figure 2.9 gives a sketch of the boundary conditions used in the flow 
control analysis grid.  At the entrance (leftmost plane) to the domain, inflow boundary 
conditions (Mach number, total pressure, total temperature, and flow angularity) are 
specified.  The test section Mach number upstream of the converging-diverging wall is 
0.5, the total pressure is14.23 psi, and the total temperature is 537˚R.  The total pressure 
and temperature conditions correspond to the conditions in the wind-tunnel at Georgia 
Tech.  The outflow boundary condition was that of a constant pressure and was 
approximately 12 psi in order to create the desired flow conditions upstream of the 
throat.  The remainder of the test section, the walls and the micro-ramp, had the no-slip 
boundary condition applied. 
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Figure 2.9 Boundary conditions for the flow control analysis domain 
 
 
Figure 2.10 Boundary conditions for the hybrid device optimization domain 
 
Figure 2.10 depicts the boundary conditions used for the optimization domain.  The 
only noteworthy difference from Figure 2.9 is the presence of the symmetry boundary, 
which was employed to reduce the computational overhead of the optimization effort.  
On the symmetry boundary, the normal component of velocity is zero. 
 
 
 
Inflow Boundary 
Freestream Boundary 
Outflow Boundary 
Symmetry Boundary 
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2.2.2 Synthetic-Jet Boundary Condition 
 
In addition to the aforementioned boundary conditions, in simulations involving a 
synthetic-jet, the output of the synthetic-jet actuator was modeled as if it was flushed 
with the surface of the test section wall.  The boundary condition was applied to the 
surface to simulate the jet velocity.  It was a modified sine function that was 
dependent on the peak jet velocity and the actuator operating frequency (Equation 
2.1).  The peak jet velocity was computed from a response surface model (RSM) 
developed by SynGenics Corporation.  The actuator RSM was based on a statistical 
design of experiments (DOE) analysis.  This was done to maximize the accuracy of 
the predicted results while minimizing the number of runs required for model 
development.  The model was a function of the actuator input frequency and voltage 
(Figure 2.11).  The DOE strategy applied to develop the actuator response surfaces 
was an 11-run, rotatable, central composite design (CCD).  This design allows for 
efficient and accurate estimation of quadratic terms in a regression model.  
Furthermore, the use of a rotatable design ensures constant prediction variance at all 
points equidistant from the design center and thus improves the quality of prediction.  
The design also includes “replicates” of the center point to quantify experimental 
error.  The response surface analysis of the DOE yielded a modified quadratic 
equation that accurately predicted the peak synthetic-jet velocity (Upeak) based on 
voltage and frequency. 
 
( )ftUU peakjet pi2sin*=    (Equation 2.1) 
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Figure 2.11 The time varying behavior of the synthetic-jet is accurately represented by a modified    
sine wave with an amplitude given by a peak jet velocity which is produced by the response 
surface based on input frequency and voltage 
 
2.3 The Flow Solver: BCFD 
 
The computational fluid dynamics code used for the present study was BCFD, which 
has been developed by Boeing.  BCFD [10] solves the full Navier-Stokes equation on 
structured or unstructured grid blocks.  Both Spallart-Allmaras [11] and SST 
turbulence models were used in the present study.  
t 
UJ 
Blowing 
Suction 
)2sin(* ftUU JpeakJ pi=
VrmsV 60= kHzf 2.2=
Response surface for UJpeak 
UJpeak = 172 ft/s 
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2.3.1 Convergence: Steady State VS. Time-Dependent 
Analysis 
 
The baseline solution (empty tunnel with converging-diverging wall only) was achieved 
by running BCFD in order to solve the steady state governing equations.  Convergence 
was determined by observing the L2 norm and the integrated loads experienced by the 
walls in the domain.  Convergence was considered to be reached when the L2 norm had 
dropped four or more orders of magnitude, and the loads on the domain had ceased to 
change from one solver iteration to the next.   
 
The other type of solution obtained in this study was the time-dependent solution for 
the cases where the flow control devices were present in the tunnel.  These solutions 
were started from the converged steady state solution and then were run by solving the 
time-dependent governing equations.  In each case (micro-ramp alone, synthetic-jet 
alone, and hybrid) the solution was allowed to iterate in time until the flow had 
convected one full length of the tunnel, which was approximately 6.3 milliseconds.  
Beginning at that instant in the time-dependent simulation, a solution was saved every 
22.7 microseconds until 100 saves had been made.  This gave a simulation which 
spanned 2.27 milliseconds of physical time, which corresponds to the synthetic-jet 
undergoing five complete cycles. 
 
2.4 Numerical Data Collection 
 
The data taken from the simulations came from two primary fuselage stations. The first 
was 2.5” downstream of the throat and the other was 7.5” downstream of the throat 
(Figure 2.12).  The nearfield location was chosen in order to observe the effects of the 
flow control devices as they were still developing.  This was done in an effort to 
understand not only how the farfield effects were initially formed, but also to gain 
insight into how the synthetic-jet and micro-ramp combine to form the hybrid effect.  
The farfield location was chosen to capture the effects of the flow control devices at a 
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location representative of where an Aerodynamic Interface Plane (AIP) would be 
located in a practical system.  
 
2.5”
(Nearfield)
7.5”
(Farfield)
throat
5.0”
 
Figure 2.12 The nearfield and farfield post processing locations 
 
Data that was taken included boundary layer shape factor, time-averaged and jet-phase-
locked velocity profiles, time dependent standard deviations in velocity components, 
vortex core trajectories, and several qualitative sets (meant to capture the flow physics 
on a more global level).  The velocity profiles provided a precise look at what various 
spanwise locations were experiencing in terms of upwash and downwash.  All velocity 
profiles shown in subsequent chapters have been extracted from the time-averaged 
solutions, if the simulation dataset was time-dependent.  The velocity component 
definitions used in the results are shown in Figure 2.13. 
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Figure 2.13 Velocity components corresponding to the three coordinate directions 
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Chapter 3 
 
Resulting Flow Physics 
 
The post processing, which followed analysis of the various flow control devices 
described in Chapter 1, revealed several interesting results for each device as well as for 
the baseline flow.  This chapter goes into detail on the findings of each of these 
numerical analyses. 
3.1 Baseline 
 
The baseline configuration consisted of flow through the empty tunnel (converging-
diverging section only), and provided a reference against which the effectiveness of the 
flow control devices was measured.  The boundary layer profile for the nearfield station 
is shown in Figure 3.1. The velocity deficit decreases as the spanwise location moves 
from 2” offset from centerline (CL-2) to the centerline (CL) itself, where the entire 
tunnel span is 2.5”.  The decrease in the deficit is very minimal and overall the boundary 
layer is of constant thickness 0.25” across the span.  This is verified qualitatively in 
Figure 3.3 where the boundary layer on the upper surface of the left cross section is 
seen to be uniformly thick between the 2” offset lines.  In the corner region, there is an 
increase in vortical activity in the boundary layer due to the merging of the side and top 
wall boundary layers, which can be seen from the ‘bulge’ at the corners in Figure 3.3.  
This vortical activity at the corners manifests itself as an upwash on the flow, which is 
seen from the slight deficit in the CL-2 curve of Figure 3.1. 
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Figure 3.1 Boundary layer profile sensitivity to spanwise location at the nearfield in baseline flow 
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Figure 3.2 Boundary layer profile sensitivity to spanwise location at the farfield in baseline flow 
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Figure 3.3 Contours of velocity magnitude depicting the boundary layer thickness at the nearfield 
and farfield.  The vertical lines represent a spanwise location 2” from the centerline. 
 
In the farfield, the spanwise variation in boundary layer thickness is more effected by 
the sidewall boundary layer.  This can be seen from the velocity profiles in Figure 3.2 in 
which the distortion of the profiles is clearly seen at an offset of greater than 1.6” from 
the centerline.  It can be seen in Figure 3.3 that the merging of the boundary layers at 
the corner has a more far-reaching effect (than in the nearfield) across the span due to 
the overall thicker boundary layer in this region.  As a note, the ‘tick’ present in the 
CL=1.6 profile of Figure 3.2 shows up in several profiles throughout the results, and is 
simply an artifact of the grid spacing and not of an actual flow characteristic.  At offsets 
less than 1.6” from the centerline, there is little difference in the boundary layer 
thickness, which is seen to be about 0.36” (Figure 3.2). The thicker boundary layer in 
the farfield is due to the dual effect of the lower flow speed (Figure 3.3) and the greater 
running length to this station. 
 
It is important to notice that at both stations, the effect on the boundary layer profile 
from the upwash induced by the merging boundary layers decreases from the side wall 
to the centerline (Figures 3.1 and 3.2).  This implies that there is a continuous spanwise 
distribution of upwash intensity having a minimum at the centerline. 
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The shape factor within 0.5” of the centerline on either side is basically constant with a 
value of 1.52 in the near field, and 1.48 in the far field (Figures 3.4 and 3.5).  The 
nearfield boundary layer experiences a much larger adverse streamwise pressure gradient 
and therefore has a larger shape factor than the farfield location.  This indicates that the 
boundary layer is slightly more prone to separation in the nearfield. 
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Figure 3.4 Spanwise shape factor distributions in the nearfield for baseline, micro-ramp only, 
synthetic-jet only, and hybrid configurations 
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Figure 3.5 Spanwise shape factor distributions in the farfield for baseline, micro-ramp only, 
synthetic-jet only, and hybrid configurations 
 
3.2 Solitary Micro-Ramp 
 
The addition of the microramp to the flow field had many effects.  One very noticeable 
result was the formation of two counter-rotating streamwise vortices (Figure 3.6).  The 
spanwise spill of flow over the edge of either side of the ramp causes the roll up of this 
counter-rotating vortex pair, and it convects downstream with the flow (Figure 3.7).   It 
is also clear from Figure 3.7 that as the vortices convect downstream, they lift off the 
surface slightly.  While the sensitivity of boundary layer shape factor to how far the 
vortex pair is located from the surface is not precisely known, it is intuitive that the 
closer the vortices remain to the wall the more beneficial their effect will be.  This is 
because as the vortices drift further from the wall, their ability to deposit the high 
energy freestream flow into the lowest portions of the boundary layer is diminished. 
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Figure 3.6 Iso-surfaces of streamwise vorticity (+/- 10,000/s) and fuselage station cuttting planes 
colored by vorticity magnitude. 
 
Farfield
Nearfield
 
Figure 3.7. Downstream propagation of the counter-rotating vortex pair induced by the 
microramp 
 
A related effect was the establishment of upwash and downwash regions, across the 
span, of a more intense nature than the corner upwash seen in the baseline flow.  In 
Figure 3.8, the local downwash in the wake of the device is seen to have a larger 
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magnitude than the ambient downwash, the same is true of the upwash region.  The 
wake is seen to maintain this effect on the boundary layer well downstream to the 
farfield plane.  Figure 3.8 also exemplifies the extent to which the counter rotating 
vortex structure expands and lifts off the wall as it moves downstream.  The main part 
of the nearfield vortex pair is only about 0.2” wide and hugs the wall very closely 
whereas in the farfield the vortex pair has grown to be approximately 0.8” wide and has 
lifted 0.2” off the wall.  Velocity profiles across the span support the qualitative findings 
(Figures 3.9 and 3.10).  In the nearfield, the velocity profiles look less full than those 
from the baseline flow (Figure 3.11).  The large deficit at the centerline is due to the 
strong upwash from the vortex pair produced by the ramp.  Moving outboard from the 
centerline it is observed that the ramp influence diminishes and the velocity profiles 
regain smoothness, which is indicative of the spanwise extent of the effect the 
microramp has on the flow (Figure 3.9).  At the downstream location, the velocity 
profiles appear to be much more healthy than in the nearfield.  The centerline profile 
still has a deficit, but it is far less pronounced than in the nearfield profile.  The other 
interesting thing to note is that both the centerline and CL-4 profiles show significant 
increase in the near-wall velocity when compared to the baseline profiles, and the CL-4 
profile is better throughout the boundary layer (Figure 3.12).  This effect demonstrates 
that a microramp alone will energize the lowest portions of the boundary layer far 
downstream of the device.  The profiles regain smoothness outboard of the CL-4 
station.  This indicates that the outer portion of the vortex is located approximately 0.4” 
from the centerline, and the total width of effect of the vortex produced by the 0.56” 
wide microramp is about 0.8” at the farfield location, verifying the qualitative 
observation from Figure 3.8. 
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Figure 3.8 Full velocity vectors projected onto the nearfield (left) and farfield (right) planes.  
Upwash denotes flow away from the wall, while downwash indicates flow toward the wall. 
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Figure 3.9 Nearfield effects of the microramp on the velocity profiles across the span 
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Figure 3.10 Farfield effects of the microramp on the velocity profiles across the span 
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Figure 3.11 Nearfield comparison of baseline and microramp only velocity profiles 
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Figure 3.12 Farfield comparison of baseline and microramp only velocity profiles 
 
The shape factor outside the influence of the vortices was unchanged from the baseline.  
Within the width of influence, a sharp decrease in shape factor was observed on either 
side of the centerline where the regions of downwash were identified.  There was a 
sudden increase in shape factor at the centerline corresponding to the strong upwash 
effect between the vortex pair.  This spanwise trend was present both near the device 
and downstream at the farfield plane (Figures 3.4 and 3.5).  The average spanwise value 
of the shape factor for this case was 1.431, which is a decrease (improvement) from the 
shape factor of 1.48 realized in the baseline simulation. 
 
3.3 Solitary Synthetic-Jet 
 
When observed alone, the synthetic-jet produced impacts on the flow which were 
similar in nature to those of the micro-ramp.  One difference between the two was the 
unsteady aspect of the influence with the synthetic-jet compared to the steady nature of 
the micro-ramp actuator. Like the micro-ramp, the synthetic-jet produced a pair of 
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counter-rotating streamwise vortices.  However, the vortex pair was only generated 
during the efflux portion of the jet’s cycle (Figure 3.13).  While the jet produced suction, 
the vortices generated during the efflux were allowed to separate from the jet slot and 
propagate downstream.  A time averaged solution shows that regardless of the 
synthetic-jet having zero net mass flux, the overall effect is the production of two 
counter-rotating streamwise vortices (Figure 3.14).  The farfield is affected by these 
pulsed vortices and sees a resulting lower average shape factor when compared to the 
baseline results (Figure 3.5).  In fact, the average spanwise shape factor was 1.432.  This 
is an improvement over the baseline flow, and very similar to the shape factor produced 
by the micro-ramp alone (1.431).  The other significant difference between the 
synthetic-jet and micro-ramp is the spreading effect realized by the vortices as they 
propagate downstream when they are produced by the synthetic-jet.  In the case of the 
micro-ramp, it was seen that there were two vortices being steadily generated and 
affecting a downstream region not much wider than the micro-ramp itself.  The 
unsteady nature of the synthetic-jet causes a spanwise destabilization of the boundary 
layer, resulting in the width of influence spreading to several times the width of the 
device as the vortices propagate downstream. This increase in the width of influence 
appears approximately linear with downstream propagation on either side of the 
centerline, forming a ‘cone’ of influence. 
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Figure 3.13 Behavior of the synthetic-jet throughout its cycle: counter-rotating streamwise vortex 
pair formation from blowing portion (top right) and local downwash from suction portion 
(bottom right). 
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Figure 3.14 Time-averaged solution of synthetic-jet alone with iso-surfaces of streamwise 
vorticity at values of +/- 10,000/s.  
 
It is clear from looking at the nearfield velocity profiles (Figure 3.15) that the beneficial 
effects of the vortices produced by the synthetic-jet do not manifest themselves close to 
the device.  In fact, compared to the baseline profiles in the nearfield, the profiles 
produced by the synthetic-jet appear to be slightly more prone to separation, especially 
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at the CL-4 station (Figure 3.17).  Far downstream, however, the boundary layer once 
again shows favorable response to the flow control (Figure 3.16).  The profiles at the 
centerline, CL-4, and CL-8 stations are fuller near the wall than those from the baseline 
simulation (Figure 3.18), while outboard of the CL-8 station the profiles appear to 
possess a small increase in velocity deficit.  This benefit within 0.8” of the centerline on 
either side of the 0.02” width synthetic-jet is a more broad favorable influence than that 
produced by the micro-ramp.  This leads to the idea that if both the synthetic-jet and 
micro-ramp produce beneficial results within the same region on their own, then 
combining them might produce an even stronger downwash over a potentially wider 
region.  This is the motivation for the hybrid device. 
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Figure 3.15 Nearfield effects of the synthetic-jet on the velocity profiles across the span 
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Figure 3.16 Farfield effects of the synthetic-jet on the velocity profiles across the span 
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Figure 3.17 Nearfield comparison of baseline and synthetic-jet only velocity profiles 
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Figure 3.18 Farfield comparison of baseline and synthetic-jet only velocity profiles 
 
3.4 Hybrid Device 
 
The combination of the synthetic-jet and micro-ramp in the hybrid flow control device 
resulted in a favorably augmented control effect.  The vortex pair produced by the 
synthetic-jet was observed to propagate along the micro-ramp and combine with the 
vortex pair produced by the micro-ramp.  Upon interaction of the two pairs of vortices, 
a distinct augmentation of the size of the combined vortex pair was observed, along 
with a sharp but brief increase in the magnitude of the vorticity in the vicinity of the 
device.   
 
A result of the vortices from the synthetic-jet traversing along the micro-ramp is that 
they are relocated to a distance farther off the wall than when they had the opportunity 
to propagate downstream without interaction with the micro-ramp.  This places the 
synthetic-jet vortices on top of the vortices produced by the micro-ramp, and effectively 
‘holds’ the micro-ramp vortices close to the wall.  Indeed, the vortex core trajectories 
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hug the wall more closely than when there is no synthetic-jet present (Figure 3.19).  As 
the newly formed vortex pair propagates downstream, the augmented size works in 
combination with the close-to-wall proximity to pull high-energy freestream fluid into 
the lowest portion of the boundary layer.  This is the mechanism by which the hybrid 
device is able to produce superior changes in the shape factor at the farfield location 
(Figure 3.5).  Averaging the shape factor across the span for this case shows that it has 
been reduced to 1.429.  Again, this is much lower than the baseline, and slightly lower 
than either the micro-ramp or the synthetic-jet were able to produce independently. 
 
WALL
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Figure 3.19 Vortex core trajectories for the micro-ramp alone (green/upper) and the hybrid 
(purple/lower) flow control cases 
 
 
The nearfield velocity profiles for the hybrid configuration (Figure 3.20) display a strong 
deficit at the centerline and CL-4 stations, indicating that the upwash induced by the 
hybrid device is dominant in this region.  Further downstream (Figure 3.21), the velocity 
profiles take on a shape more similar to the profiles from the synthetic-jet simulation.  
At this station, the boundary layer is fuller off the centerline than it is for the baseline 
and synthetic-jet alone cases (Figure 3.22), and has healthier profiles outboard of the 
CL-4 station than the synthetic-jet alone (Figure 3.23). 
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Figure 3.20 Nearfield effects of the hybrid actuator on the velocity profiles across the span 
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Figure 3.21 Farfield effects of the hybrid actuator on the velocity profiles across the span 
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Figure 3.22 Farfield comparison of baseline, hybrid, and synthetic-jet only velocity profiles 
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Figure 3.23 Farfield comparison of the hybrid, and synthetic-jet only velocity profiles 
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A view looking downstream of the vorticity field from the micro-ramp to the farfield 
revealed another interesting finding.  The synthetic-jet element again induced spanwise 
spreading of the width of influence (Figure 3.24).  Rather than completely stifling the 
effect of the synthetic-jet, the micro-ramp only slightly reduces the spanwise 
destabilization.  In addition, the micro-ramp produces larger scale vortices than the jet, 
which allow for better access to the freestream energy.  Indeed, the hybrid effect 
demonstrated the beneficial spreading effect of the synthetic-jet in conjunction with the 
powerful large-scale steady vortices produced by the micro-ramp.  When compared with 
the aforementioned configurations, the hybrid device produces the lowest average shape 
factor at the downstream location. 
 
Microramp alone Jet alone Hybrid
Jet JetMicroramp
Microramp
4.2” 4.2” 4.2”
 
Figure 3.24 View looking downstream of the cone of influence resulting from the unsteady 
synthetic-jet control element: effect with micro-ramp alone (left), synthetic-jet alone (middle), 
and hybrid device (right). 
 
3.5 A Note on Practical Application 
 
All of the shape factor results reported and displayed so far have been the result of 
averaging of the spanwise shape factor distribution over 0.5” on either side of the 
centerline.  The motivation for this is due to the fact that this is the region in which the 
flow control devices appear to produce a favorable change in the near wall velocity.  
Figure 3.25 shows the shape factor distribution across the entire span, and the 
corresponding average values of shape factor.   
 
It is clear that averaging over the entire span significantly degrades the performance of 
the devices in terms of a decrease in shape factor.  This emphasizes the point that these 
devices must be used strategically in a spatial sense, or a large portion of the flowfield 
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may suffer adverse effects.  Figure 3.26 shows the average value of shape factor as a 
function of the averaging width used.  From this figure, it can be seen that each device 
has an optimal spacing.  For instance, the micro-ramp and hybrid devices both show a 
width of favorable influence of approximately 1.5”, while the synthetic-jet shows a 
width of favorable influence of about 2.1”. Alternatively, instead of choosing the 
spacing to achieve an arbitrarily small decrease over baseline shape factor, one could 
choose to concentrate the devices more heavily to achieve a greater decrease in shape 
factor across the flow region under consideration.  This would be like choosing a micro-
ramp spacing of about 0.6”, a synthetic-jet spacing of 1.4”, and a hybrid device spacing 
of 0.4”.  This type of plot can be useful to determine the optimal device spacing when 
the intent is to use them in an array to control a wide flow region, as would be the case 
in most practical applications.  Making use of this information along with data depicting 
sensitivity of shape factor to streamwise placement of the devices, one can hone in on 
the most effective location and array configuration for a given device, thus optimizing a 
given device in terms of spanwise placement. 
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Figure 3.25 Farfield shape factor distribution across the entire span 
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Figure 3.26 Shape factor as a function of spanwise averaging width 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   44 
 
Chapter 4 
 
Optimization of  the Hybrid Device 
 
4.1 Low Order Synthetic-Jet Modeling 
 
Computational modeling and simulation of the time varying behavior of a synthetic-jet 
is a time consuming and resource intensive process.  This is because instead of getting 
the steady state governing equations to converge to a single state, the time dependent 
equations must be converged sufficiently at each instant in time.  For these reasons, it is 
not trivial or even feasible to perform the runs necessary to fill out a design of 
experiments matrix while modeling the full unsteady nature of the synthetic-jet.  
Fortunately, a steady jet can have nearly the same effects as a synthetic-jet  with the 
exception that there is no longer zero net mass flux, which for the purpose of this study 
is not a significant difference. For the runs performed in this study’s DOE, the effects 
of the synthetic-jet were achieved by modeling it as a steady jet.  This allowed for the 
steady state governing equations to be solved, significantly decreasing the requirement 
for computational time. 
 
4.2 Face Centered Central Composite Design 
 
In order to optimize the hybrid flow control device, a model for the sensitivity of 
boundary layer shape factor to the design variables needed to be created.  As mentioned 
in Chapter 1, the three design factors are the length of the synthetic-jet, l, the synthetic-
jet’s momentum coefficient, µ, and the distance between the leading edge of the 
micro-ramp and the trailing edge of the synthetic-jet, S.  The method used to create 
this model was to design an experiment and generate a response surface model from the 
resulting data.  The locations (factor values) for the designed experiment follow the face 
centered central composite design scheme.  The run layout is shown in Figure 1.8 and 
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the corresponding table of the run data is shown in Figure 1.9.  Although several types 
of central composite designs are available, the face centered approach was chosen due 
to its thorough coverage of the design space.  This is an important feature of the 
experimental design because of the large uncertainty of how the synthetic-jet vortices 
interact with the micro-ramp vortices. 
 
4.3 Survey of Results 
 
The determination of boundary layer shape factor for each of the 15 runs listed in 
Figure 1.9 was accomplished using CFD.  A list of the shape factors realized by each of 
the 15 configurations is shown in Figure 4.1.  For the case with no flow control, the 
boundary layer shape factor was 1.43. 
 
 
Figure 4.1 Shape factors resulting from each of the 15 runs 
 
The first configuration consisted of the longest, strongest jet at the closest spacing to 
the micro-ramp.  The flow field resulting from this configuration is shown in Figure 4.2 
where the flow is from right to left.  The wall, ramp, and symmetry plane boundaries are 
colored by pressure coefficient, and the two gray bodies are iso-surfaces of streamwise 
vorticity.   
 
Here it can be seen that the oncoming flow is compressed at both the leading edge of 
the micro-ramp and jet.  This suggests that the shear layer introduced by the flow 
Run S (in) µ l (in) h
1 0.33 0.50 1.00 1.363
2 0.33 0.30 1.00 1.396
3 1.00 0.50 1.00 1.361
4 1.00 0.30 1.00 1.394
5 0.67 0.40 1.00 1.376
6 0.67 0.30 0.67 1.381
7 0.67 0.50 0.67 1.349
8 0.33 0.40 0.67 1.362
9 1.00 0.40 0.67 1.361
10 0.67 0.40 0.67 1.361
11 0.67 0.40 0.33 1.355
12 1.00 0.50 0.33 1.374
13 1.00 0.30 0.33 1.362
14 0.33 0.50 0.33 1.388
15 0.33 0.30 0.33 1.362
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injected from the jet is similar to a solid body in terms of what the oncoming flow sees.  
The vortices produced by the jet for this configuration are placed just slightly further off 
the wall than those produced by the micro-ramp.  For this configuration, the boundary 
layer shape factor far downstream was 1.363 which is a 4.69% reduction from baseline. 
 
 
Figure 4.2 Vortices and flowfield resulting from DOE configuration one 
 
Figure 4.3 depicts the flow field resulting from the second configuration.  Configuration 
two consists of the longest, weakest jet placed closest to the micro-ramp.  Upon 
inspection of the flowfield for the second configuration, a couple of things are clear.  
First, the size and strength of the compression bubble created at the upstream end of 
the jet is weaker than that for configuration one.  Second, the vortices created by the jet 
are not placed as far off-the-wall as they were in configuration one.  This results in the 
jet vortices interacting with the micro-ramp vortices at the apex of the micro-ramp.  
This is in contrast to the first configuration wherein the jet vortices interact with the 
micro-ramp vortices slightly downstream of the micro-ramp apex.  The shape factor 
resulting from this configuration was 1.396 which is a 2.38% reduction from baseline, 
and is almost half as effective as configuration one.  This suggests that a higher 
placement of the jet vortices relative to the micro-ramp vortices produces an effect that 
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is more favorable than when the jet vortices are at nearly the same height as those 
produced by the micro-ramp. 
 
 
Figure 4.3 Vortices and flowfield resulting from DOE configuration two 
 
The third configuration of the hybrid device consisted of the longest, strongest jet 
placed at the farthest location from the micro-ramp.  The height and strength of the 
vortices produced by the jet (Figure 4.4) appears to be very similar to configuration one, 
however the jet vortices have dissipated (weakened) slightly prior to interacting with the 
vortices from the micro-ramp.  Upon observation of the micro-ramp vortex iso-surface, 
there is little noticeable difference from configuration one, so it is likely this dissipation 
will have negligible effects on the shape factor.  Indeed, the shape factor for 
configuration three was 1.361 which is a 4.83% reduction from baseline, and only 
slightly different (lower) from the shape factor produced by configuration one. 
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Figure 4.4 Vortices and flowfield resulting from DOE configuration three 
 
 
Figure 4.5 Vortices and flowfield resulting from DOE configuration four 
 
Configuration four, much like configuration two, consisted of the longest, weakest jet, 
only placed furthest from the micro-ramp instead of nearest.  Once again, the distance 
from the ramp has little effect on the strength or height of the vortices produced by the 
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jet, except that they are very slightly dissipated before interacting with the vortices 
produced by the micro-ramp.  The shape factor realized by this configuration was 1.394 
which is a 2.52% reduction from baseline.  This means that whether the jet is at its 
strongest or weakest setting, the hybrid device appears to benefit (albeit very minimally) 
from the jet being placed at the furthest upstream location.   
 
From a qualitative standpoint this can be justified by comparing Figure 4.2 to Figure 
4.4, or Figure 4.3 to Figure 4.5.  In the case where the jet is placed further from the 
micro-ramp, the jet vortices have a greater distance to travel, and therefore tend to lift 
further off the surface before interacting with the micro-ramp vortices.  This is akin to 
the effect of a stronger jet producing vortices which are further off the surface.  In 
either case, the hybrid device seems to benefit more profoundly from jet vortices which 
are placed, relative to the micro-ramp vortices, at a greater distance from the wall.  
There is likely a ‘sweet spot’ or critical distance beyond which the productive benefit 
tapers off. 
 
Configuration five was the longest jet at medium strength placed at a medium distance 
from the micro-ramp.  Figure 4.6 depicts, intuitively, jet vortices which are placed 
higher off-the-wall than those produced by the weakest jet, but not as high as those 
produced by the strongest jet.  Similarly, the compression bubble at the upstream end of 
the jet is in between the two extreme jets in terms of size and strength.  The hybrid 
device from configuration five produced a shape factor of 1.376 which is a 3.78% 
reduction from baseline.  This still leaves the longest strongest jet placed furthest from 
the micro-ramp (configuration3) as the best performer of the five device observed thus 
far.  Given the small sensitivity, observed thus far, of distance between the jet and 
micro-ramp, the likely reason for the reduced performance in configuration five is the 
diminished jet strength. 
 
   50 
 
 
Figure 4.6 Vortices and flowfield resulting from DOE configuration five 
 
Configuration six consisted of the medium length weak jet placed at the medium 
distance from the micro-ramp.  Figure 4.7 shows the flowfield resulting from 
configuration six.  Notice that even though this is the weakest jet, it has a compression 
region and vortex height comparable to the medium strength jet from configuration five 
(Figure 4.6).  This is because the shortening of the jet’s geometric length necessitates a 
larger fluid ejection velocity in order to achieve the momentum coefficient required for 
this configuration.  From this we can qualitatively verify the intuitive result that the 
nature of the vortices produced by the jet is a function of the interaction between the 
momentum coefficient and jet slot length, not the independent variation of either 
variable.  The shape factor produced by configuration six was 1.381 which is a 3.43% 
reduction from baseline.   
 
Of the long-jet configurations (Configurations 1-5), configuration two had the same 
momentum coefficient as configuration six.  The shape factor, however, experiences a 
larger decrease with configuration six.  This is once again related to the higher vortex 
placement (resulting from a larger ejection velocity) achieved with configuration six. 
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Figure 4.7 Vortices and flowfield resulting from DOE configuration six 
 
The hybrid device of configuration seven is composed of a strong, medium length jet 
placed at the medium distance from the micro-ramp.  A quick glance at Figure 4.8 
reveals that this configuration’s jet vortices are the strongest produced thus far.  This is 
due to the combination of the largest momentum coefficient being imposed upon a jet 
which is shorter than those from configurations 1-5.  Based on the aforementioned 
results, it would seem reasonable to think that this configuration, due to its large vortex 
height and increased vortex strength, has the most favorable shape factor of the seven 
configurations studied thus far.  Indeed, the shape factor for configuration seven was 
1.349, which is a 5.66% decrease from baseline and the greatest reduction so far. 
 
   52 
 
 
Figure 4.8 Vortices and flowfield resulting from DOE configuration seven 
 
 
Figure 4.9 Vortices and flowfield resulting from DOE configuration eight 
 
Configuration eight consisted of a medium strength, medium length jet placed at the 
closest location to the micro-ramp.  The jet vortices (Figure 4.9) produced by this 
configuration are understandably weaker and lower to the wall than those produced by 
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configuration seven.  Another clear difference between the two configurations is the 
way in which the jet and micro-ramp vortices interact.  In configuration eight, the jet 
vortices impinge more aggressively upon the micro-ramp vortices than in configuration 
seven.  The shape factor for configuration eight was 1.362 which is a 4.76% reduction 
from baseline. 
 
Configuration nine was composed of medium length, medium strength jet placed at the 
farthest location from the micro-ramp.  The only difference between this configuration 
and configuration eight is the distance between the leading edge of the micro-ramp and 
the trailing edge of the jet.  Again, based on previous results, it seems likely that this 
configuration will perform better than the last due to the jet vortex height at the point 
of interaction with the micro-ramp vortices.  It turns out that while this is in fact the 
case, it is negligibly so.  The shape factor for configuration nine was 1.361 which is a 
4.83% reduction from baseline.  Again it is shown that while the farther placed jets 
perform consistently better, they do that by a very small margin. 
 
 
Figure 4.10 Vortices and flowfield resulting from DOE configuration nine 
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Configuration ten is the last in the group of medium length jets.  It has a medium 
strength setting and is placed at the medium distance from the micro-ramp.  This 
configuration corresponds to the run point in the center of the cube in Figure 1.8 and is 
the same as the last two configurations (eight and nine) except for the spacing between 
the micro-ramp and jet.  The flowfield resulting from this configuration (Figure 4.11) is 
reveals that the jet vortices remain unchanged from the last two configurations, and 
their degree of interaction with the micro-ramp vortices is between that seen in 
configurations eight and nine.  Therefore, it would be reasonable to expect that there 
will be little change from in the shape factor from the previous two configurations.  The 
shape factor for configuration ten was 1.361 which is (just like configuration nine) a 
4.83% reduction from baseline. 
 
 
Figure 4.11 Vortices and flowfield resulting from DOE configuration ten 
 
Configuration 11 consisted of the shortest, medium strength jet at the medium distance 
from the micro-ramp.  The resulting flowfield for this configuration is shown in Figure 
4.12.  Notice that decreasing the slot length has resulted in the strongest jet placed 
furthest from the surface even at the medium momentum coefficient setting.  The trend 
of strong, highly placed vortices leading to low shape factors suggests that this 
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configuration should produce perhaps the best decrease in shape factor thus far.  
Configuration eleven produced a shape factor of 1.355 which is a 5.24% reduction from 
baseline.  While this is not the greatest reduction observed thus far (configuration 
seven’s strong, medium length jet at medium distance had a 5.69% reduction), it is still a 
very favorable reduction and the second best of the first eleven. 
 
 
Figure 4.12 Vortices and flowfield resulting from DOE configuration eleven 
 
Configuration twelve consisted of the shortest, strongest jet placed farthest from the 
micro-ramp.  Based on the previous trends, this should produce the strongest vortex 
located furthest from the wall.  This hypothesis is verified by Figure 4.13, in which the 
jet vortices appear avoid interaction with the micro-ramp vortices entirely.  The shape 
factor for configuration twelve was 1.374 which is a 3.90% reduction from baseline.   
 
This suggests that somewhere between the jet vortex strength/position produced by 
configurations seven and eleven, and configuration 12, there is a “sweet spot”.  The fact 
that there is a marked drop in the performance of the hybrid device when there is no 
interaction between the jet and micro-ramp vortices is evidence that there is a 
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significant favorable effect produced by strategically combining the two flow control 
devices. 
 
 
Figure 4.13 Vortices and flowfield resulting from DOE configuration twelve 
 
Configuration thirteen consisted of the shortest, weakest jet placed farthest from the 
micro-ramp.  The flowfield for this configuration is shown in Figure 4.14.  The jet 
vortices, while still stronger and higher from the wall than any of the long or medium 
length jets, shows an increased (compared to configuration twelve) interaction with the 
micro-ramp vortices.  This indicates that this configuration should have a more 
favorable shape factor reduction.  For configuration thirteen the shape factor was 1.362, 
which is a 4.75% reduction from baseline.  This is also a 0.85% improvement from 
configuration twelve.  Even without performing a formal optimization analysis, the 
qualitative analysis at hand is painting a clear picture that there is an optimal jet vortex 
strength and placement.  It is also clear that the placement is such that the micro-ramp 
and jet vortices are able to interact and merge without having destructive effects on one 
another. 
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Figure 4.14 Vortices and flowfield resulting from DOE configuration thirteen 
 
 
Figure 4.15 Vortices and flowfield resulting from DOE configuration fourteen 
 
Configuration fourteen consisted of the shortest, strongest jet placed closest to the 
micro-ramp.  The resulting flow field (Figure 4.15) looks very similar to that for 
configuration twelve (Figure 4.13) except that the genesis of the jet vortices is shifted 
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closer to the micro-ramp’s leading edge.  The shape factor for configuration fourteen 
was 1.388 which is a 2.93% reduction from baseline.  Comparing again to configuration 
twelve, configuration fourteen has a larger shape factor.  While not apparent from 
Figures 4.13 and 4.15, this is likely due to a weakening of the micro-ramp vortices 
resulting from the local upwash induced by the jet being placed just upstream of the 
ramp. 
 
Configuration fifteen was the last in the DOE, and it consisted of the shortest, weakest 
jet placed closest to the micro-ramp.  The flowfield resulting from this configuration is 
depicted in Figure 4.16. 
 
 
Figure 4.16 Vortices and flowfield resulting from DOE configuration fifteen 
 
Of all the short jet configurations, configuration fifteen has the greatest interaction 
between the vortices produced by the micro-ramp and jet.  The shape factor for this 
configuration was 1.362 which is a 4.75% reduction from baseline.  This is identical to 
the shape factor produced by the shortest, weakest jet placed furthest from the micro-
ramp (configuration thirteen).  This is once again indicative that the performance of the 
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hybrid device has little to no sensitivity (within the limits of this DOE) to the distance 
between the micro-ramp and jet. 
 
The previous discussion was focused on the flow physics in close proximity to the 
hybrid flow control device.  Features were discovered that made configuration seven 
(strongest, medium length jet at medium distance from the micro-ramp) the most 
effective of the fifteen configurations from the DOE.  Namely, a strong jet vortex pair 
placed slightly above the micro-ramp vortices appeared to have the strongest favorable 
effect.  It was noticed that placing the jet vortices too far above the surface resulted in a 
drop off in performance.  Likewise, jet vortex place too close to the micro-ramp 
vortices resulted in destructive interference and a drop off in performance of the hybrid 
flow control device. 
 
In order to gain a global feel for why configuration seven was so successful, key flow 
physics at the downstream location at which the shape factor was calculated are 
depicted in Figures 4.17 and 4.18.  Figure 4.17 shows the vorticity pattern which results 
from the hybrid device at the farfield location. 
 
 
Figure 4.17 Contours of vorticity magnitude at the farfield location for configuration seven 
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Figure 4.18 Velocity vectors colored by vorticity magnitude at the farfield location for 
configuration seven (see Figure 4.18 for legend) 
 
Figure 4.18 depicts velocity vectors at the same farfield location.  For the purpose of 
planar visualization, the vectors have been projected into the viewing plane.   There are 
three key features that are present in Figures 4.17 and 4.18.  The first is the presence of 
a single vortex pair structure.  This indicates that even though two vortex pairs were 
generated by the hybrid device (one counter-rotating pair from the micro-ramp and one 
from the jet), the two pairs merge by the time they reach this downstream location.  
This is especially clear from Figure 4.18.  The second key feature is the way the vortex 
pair is situated.  Notice the uppermost portion of the vortex pair is peaking out above 
the boundary layer (Figure 4.17) and pulling this high-energy flow downward (Figure 
4.18).  Then notice that the lower extreme of the vortex pair is situated very close to the 
wall, enabling the vortex to replace the low-energy (red) fluid with high-energy (blue) 
fluid and evict that same low-energy fluid upward through the center of the vortex pair.  
The third and final key feature is the large spanwise and wall-normal velocity 
components, which are indicative of a strong vortex.  This increases the rate of energy 
exchange between the high and low-energy regions of the flow. 
 
In order to emphasize the benefits of configuration seven, the downstream flow physics 
for configuration two (the worst performing hybrid device) are shown in Figures 4.19 
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and 4.20.  Recall that configuration two was the weakest, longest jet placed closest to 
the micro-ramp.  Configuration two achieved only 2.35% reduction in shape factor 
compared to configuration seven’s 5.69%. 
 
Figure 4.19 Contours of vorticity magnitude at the farfield location for configuration two 
 
 
Figure 4.20 Velocity vectors colored by vorticity magnitude at the farfield location for 
configuration two (see Figure 4.19 for legend) 
 
A quick glance at Figures 4.19 and 4.20 reveals that two of the three key features which 
made configuration seven so successful are completely absent from configuration two.  
Looking at either the vorticity magnitude contours or the velocity vectors indicates that 
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the vortical structure created by configuration two is very weak and is on the verge of 
diminishing completely.  The vortex pair size is also drastically different from 
configuration seven.  The vortices barely penetrate the boundary layer and are not 
reaching very close to the wall.  This impedes the vortices access to high-energy fluid, 
results in the high-energy fluid that was transported to be placed further from the wall, 
and reduces the expulsion of low energy flow on the upwash stroke. 
4.4 Optimal Configuration 
 
Following analysis of the configurations necessary to fill out the DOE run matrix, a 
least-squares regression analysis was performed in an effort to fit a response surface to 
the fifteen data points obtained for shape factor.  The quadratic response surface is 
given by Equation 4.1. 
 
( ) ++−−= LSLSh 088.02.233.393.1,, µµ
SLLSLS 011.388.052.056.021.582. 222 +−−++ µµµ
 (Equation 4.1) 
 
The R2 value for this model is a modest 0.884 due to a high residual associated with the 
value of h in run 7.  Usually, throwing this outlier out of the regression analysis would 
be a good ‘next step’ in improving the model fit (removing run 7 gives a fit with 
R2=0.995), however, since there is no reason to refute the result for this run it will be 
left in the analysis with a few caveats identified later on.  Graphical representations 
depicting the behavior of Equation 4.1 are presented in Figures 4.21-4.29. 
 
Figures 4.21-4.23 show the sensitivity of shape factor to the momentum coefficient and 
length of the jet at high, mid, and low levels for the spacing factor, S.  Any one of these 
figures indicates that the best (lowest) shape factor occurs at the maximum momentum 
coefficient with a jet length of approximately 0.7 inch.  The similarity of the three 
figures indicates that there may be a significant lack of shape factor sensitivity to the 
spacing between the jet and micro-ramp. 
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Figures 4.24-4.26 show the sensitivity of shape factor to the momentum coefficient and 
spacing between the jet and micro-ramp.  Figures 4.24 and 4.25 suggest once again that 
the momentum coefficient should be maximized to get the best h response.  However, 
Figure 4.26 indicates the opposite.  This is easily explained by looking at the flow in 
proximity to the jet and micro-ramp for two cases, one with a long jet (Figure 4.2) and 
the other with a short jet (Figure 4.13).  Both cases depicted have high momentum 
coefficients. In run one (Figure 4.2), the jet momentum and length are both at their 
maximum values.  The streamwise oriented counter rotating vortices from the jet can be 
seen to convect downstream and directly interact with the ramp vortice.  This produces 
a constructive augmentation of the vortex structure and results in a decreased shape 
factor.  In run twelve (Figure 4.13), the same maximum jet momentum is used in 
conjunction with the shortest jet setting.  This results in jet induced vortices that are 
located much higher than in run one and therefore fail to interact with the micro-ramp 
vortices.  This is why with a smaller jet length a smaller momentum coefficient is 
preferable.  In addition to the aforementioned observation for Figures 4.24-4.26, it is 
once again apparent that there is little to no sensitivity of shape factor to the spacing 
between the jet and micro-ramp. 
 
Figures 4.27-4.29 show the sensitivity of shape factor to the spacing between the jet and 
micro-ramp, and the jet length.  Like all the observations thus far, there is minimal 
variation of shape factor to the device inter-spacing.  Another interesting interaction is 
seen in this series of figures.  As the momentum coefficient is decreased, a shorter jet 
length appears to be more favorable for reducing the boundary layer shape factor.  
Physically, this seems to indicate that there is a jet vortex strength which optimally 
interacts with a given ramp vortex. 
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Figure 4.21 Sensitivity to µ and L at S=1 
 
 
Figure 4.22 Sensitivity to µ and L at S=0.665 
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Figure 4.23 Sensitivity to µ and L at S=0.33 
 
 
Figure 4.24 Sensitivity to µ and S at L=1 
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Figure 4.25 Sensitivity to µ and S at L=0.665 
 
 
Figure 4.26 Sensitivity to µ and S at L=0.33 
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Figure 4.27 Sensitivity to S and L at µ=0.5 
 
 
Figure 4.28 Sensitivity to S and L at µ=0.4 
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Figure 4.29 Sensitivity to S and L at µ=0.3 
 
So far, looking at qualitative results or the response surface model behavior, it is evident 
that the shape factor is not significantly sensitive to the space between the constituent 
devices.  Therefore, in the spirit of being concise, it makes sense to pursue a less 
complicated response surface model that still adequately represents the hybrid flow 
control device.  In an effort to construct a reduced model, the statistical significance of 
the main effects and interactions was assessed.  P-values for each of the factors and 
their interactions are given in Figure 4.30.  For this study, a p-value less than 0.15 was 
chosen to represent a statistically significant effect.  The factors highlighted in green 
represent significant effects and were used in the construction of a reduced model 
(Equation 4.2).   
 
It is interesting to note that the observations made qualitatively (from both the flow 
physics as well as the response surfaces) with respect to shape factor insensitivity to the 
spacing, carry over into the analysis of statistical significance.  From Figure 4.30 it is 
clear that no sensitivity to the spacing factor will be present in the reduced model, 
Equation 4.2 verifies this. 
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Figure 4.30 P-values for all factors and interactions 
 
( ) LLLLSh µµµµ 3881.00640.06688.00847.03369.04069.1,, 22 −+++−=      (Equation 4.2) 
 
The only response surface necessary to depict the behavior of this model is given in 
Figure 4.31. 
 
 
Figure 4.31 Reduced model sensitivity of h to µ and L 
 
Notice the striking similarity of the reduced model’s response to the full model (Figures 
4.21-4.23).  This is not surprising since R2=0.856 for the reduced model, which is only a 
Term P-Value
Constant 0
Mu 0.011
S 0.346
L 0.029
Mu*Mu 0.143
S*S 0.541
L*L 0.115
Mu*S 0.434
Mu*L 0
S*L 0.573
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3% reduction from the coefficient of determination of the full model.  This means that 
for very little decrease in model accuracy, a very substantial simplification to the model 
is achieved. 
 
With the models established, nonlinear programming techniques were used to 
determine the optimum (minimum) value of shape factor and the corresponding factor 
values at which this optimum is achieved.  Figure 4.32 gives the optimum configuration 
resulting from the full model, while Figure 4.33 shows the optimum configuration from 
the reduced model. 
 
 
Figure 4.32 Optimum design from the full model 
 
 
Figure 4.33 Optimum design from the reduced model 
 
The full model predicts that a weak, short jet placed far from the ramp will produce the 
optimum shape factor.  This is in opposition to the reduced model which predicts that a 
strong, long jet regardless of the distance to the ramp is ideal.  These quantitative results 
were foreshadowed by the response surfaces depicting shape factor sensitivity shown 
above. 
 
While both models predict the same optimal shape factor, the full model predicts 
drastically different factor values than the reduced model.  This can be explained by 
looking at Figures 4.21-4.23 and Figure 4.31.  From these figures it is clear that there is a 
ridge of very near-optimum factor value combinations of momentum coefficient and jet 
Factor Value
µ 0.332
L 0.287
S 0.818
h 1.359
Factor Value
µ 0.498
L 0.848
h 1.359
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length.  This would suggest that a more appropriate factor for study is the length scale 
L/µ. 
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Chapter 5 
 
Conclusions and Suggestions for Future 
Work 
 
 
The goal of this research was to gain a better understanding of the nearfield and 
farfield effects the hybrid flow control (with micro-ramp and synthetic-jet actuators) has 
on the flow and specifically on the boundary layer.  The influence of the hybrid device 
was compared to cases with no actuation (baseline), synthetic-jet actuation, and micro-
ramp actuation.  The unsteady nature of the zero net mass-flux synthetic-jet working 
together with the micro-ramp sets this study apart from other flow control research, and 
makes its findings unique.  The practicality of this research has potentially far reaching 
usefulness for flow control applications.  Over the course of this study, several things 
were learned: 
 
• All three device configurations produce fuller boundary layer profiles at the 
farfield location than the baseline flow within 0.4” on either side of the 
centerline.  This value is useful for determining the device placement density.  
That is, in order to achieve optimal effects with the configurations studied, 
the devices would need to be placed with a 0.8” spacing between the micro-
ramp centerlines.  This would ensure that the entire boundary layer in 
question would receive favorable augmentation in near-wall velocity. 
 
• Using a synthetic-jet alone produces a wider range of favorable effect at the 
farfield than the hybrid device or ramp alone.  The fuller boundary layer 
spans 0.8” on either side of the centerline giving a total spanwise influence of 
1.6” from a single jet of width .02”.  While the range of effect is wider, the 
increase in velocity near the wall is slightly weaker than the hybrid case. 
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• Due to the unsteady nature of the hybrid device’s fluidic element, the 
spanwise influence of the generated vortices grows to form a cone of 
influence as the flow propagates downstream.  This can be used to great 
advantage in practical applications for the purpose of reducing the number of 
hybrid devices required to control the flow. 
 
• In the hybrid device, the micro-ramp serves to relocate the jet vortices to a 
higher off-wall position.  This relocation occurs with seemingly no adverse 
effect to the structure or intensity of the vortex pair from the jet.  This allows 
the micro-ramp vortices to be ‘held down’ against the wall more firmly than 
the case without synthetic-jet actuation and in turn induces stronger near-wall 
effects by pulling high-energy freestream fluid into the lowest portion of the 
boundary layer. 
 
• With respect to the statistical analysis of the DOE, run seven was an outlier 
of the fifteen shape factors.  The shape factor for this configuration was 
lower than even the minimum predicted by the response surface model.  For 
this reason it would be beneficial to center the design at the factor settings 
for configuration seven (L/µ = 1.33) and choose a more focused range for 
the design factors.  Conducting the response surface analysis with this new 
design would give better insight into the intricate non-linear interactions 
taking place near this point in the design space.  This new response surface 
could be patched into the model created in this study to produce a final 
model with a better coefficient of determination. 
 
• The locally optimized device showed an approximately 5.7% reduction in 
shape factor over baseline.  It was shown that the shape factor was not 
sensitive to the spacing between the jet and micro-ramp, and that the 
independent settings of jet length and momentum coefficient were not so 
important as their ratio, the length scale L/µ. 
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• It would be valuable to consider the global optimization problem.  This study 
focused on three factors which were believed to be important to the optimal 
performance of the hybrid device.  Though important realizations were made 
with respect to how these factors interact, there are many more parameters 
which could be altered to achieve a globally optimal hybrid device. 
 
• Further research of the hybrid device in a setting where there is separation to 
be controlled would be of key benefit.  Once the device has been globally 
optimized with respect to shape factor, optimization with respect to a figure 
of merit pertaining to separation control would be important to ensure the 
practical applicability of the device. 
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